ABSTRACT In this paper, a novel energy storage method based on pumped hydropower energy storage (PHES) for a renewable energy integrated micro-grid (REMG) is proposed, and the load frequency control (LFC) for the system is studied. In a typical REMG, micro pumped storage units are built that rely on a tall building to convert energy by pumping water up to store energy and releasing the stored water to generate energy. Because of the fluctuation of renewable energy (RE) and the perturbation of the load demand, frequency deviation, and tie-line power interchange are inevitable. In this paper, the LFC controller optimization problem for the REMG is investigated, and the optimal controllers for multi-areas in the REMG are designed. To solve the optimization problem of LFC, a novel meta-heuristic algorithm called artificial sheep algorithm (ASA) is applied in the task of LFC optimization. In the experiments, RE scenarios of different seasons, the impact of PHES, and the control robustness are studied. The results not only prove the feasibility of the proposed REMG but also show the effectiveness of the optimized controllers in maintaining frequency stability under various conditions. INDEX TERMS Renewable energy integrated micro-grid, micro pumped storage unit, load frequency control, artificial sheep algorithm, controller optimization.
I. INTRODUCTION
Nowadays, the increasing for energy and the depletion of fossil fuels have necessitated the large-scale utilization of RE [1] . RE sources, regarded as clean and economical energy sources, are likely to be connected to micro-grid power systems [2] for distributed utilization; the study of REMGs has become a popular topic in research and applications. In a REMG, the energy storage system (ESS) is one of the most critical components. The ESS is an indispensable part of a micro-grid, because the use of an ESS improves power quality and ensures the safe and reliable operation of microgrids [3] , [4] . The conventional ESSs applied in REMG is batteries [3] , [5] , flywheels [6] and so on. In [7] , an ESS based on the idea of Vehicle-to-Grid (V2G) was proposed in which batteries of electric vehicles are considered as a distributed ESS in MGs. Compared with the popular ESSs mentioned above, PHES has proven to be one of the most effective largescale ESSs for the power grid, showing striking advantages on capacity, cost and efficiency. In view of the performance of PHES as an ESS in a large power grid [8] , an interesting question is posed: would a small/micro-scale PHES be an effective ESS for a REMG?
The goal of this paper is to design a REMG, in which the ESS is constructed from a PHES system, primarily for industrial parks. The REMG is composed of reheat thermal units, a photovoltaic station and a PHES system. The PHES is constructed by lower reservoirs, upper reservoirs and several MPSUs. The upper reservoirs could be built on the top of a tall building, and lower reservoirs could be placed in the basement.
Because of the power fluctuation of RE and the perturbation of load demand, frequency deviation and tie-line power interchange are inevitable for a REMG. Frequency stability reflects the balance relationship between the active power output of the generator and the load demand. Control of frequency and active power is referred to as LFC [9] . The LFC is intended to maintain the power balance in the system to ensure the frequency varies within a specified bound [10] , [11] .
Although some advanced controllers have been developed recently, such as fuzzy logic [12] - [14] , artificial neural network [15] - [17] , and distributed model predictive controller [18] , the proportional integral (PI) and proportional integral derivative (PID) controllers are still the most popular in MGs for LFC because of their simple structure and high robustness. Conventionally, PI/PID controllers employed to address the LFC issues are often tuned to enhance the stability of the power system. However, an improperly tuned PI/PID controller may exhibit poor dynamic response and may even destabilize the overall system [19] . Therefore, controllers are often optimally designed or turned by different methods, among which, artificial intelligence and heuristic-based techniques are the most attractive. Some popular meta-heuristic algorithms, e.g., the genetic algorithm (GA) [20] , particle swarm optimization (PSO) [19] , [21] , [22] , biogeographybased optimization (BBO) [23] , [24] , and GSA [25] - [27] , have already been successfully applied and proved effective in controller optimization for the LFC problem. A powerful optimization algorithm might be decisive in handling a complex optimization problem. The problem associated with the aforementioned techniques is the fact that they may suffer from poor convergence and low exploitation. Thus, exploring a new optimization algorithm is still important to promote the control performance of the MG via controller optimization through a more robust heuristic optimization algorithm. The artificial sheep algorithm is a novel meta-heuristic optimization method based on the social behaviors of a sheep flock, which has been successfully applied in solving unit commitment problem [2] , multi-objective optimization [28] and startup strategy optimization for pumped storage unit [29] . In view of the outstanding performance of ASA, it is taken to the task of LFC problem of the REMG.
From the above discussion, we were motivated to present a new REMG with PHES and study the control strategy of LFC for the REMG. The main contributions of this paper are reflected in the following: (1) a new REMG with an ESS constructed by a specialized PHES is designed for industrial parks; (2) the LFC problem is addressed by considering different RE scenarios, system nonlinearities and operation modes of MPSU; (3) a novel heuristic algorithm has been proposed and verified for improving the optimization performance of the LFC controller.
The remaining part of this paper is organized as follows. Section II establishes a REMG with a PHES system and introduces the mathematical model of LFC. The novel meta-heuristic ASA is proposed and tested in Section III. Section IV presents case studies on the LFC problem of the REMG and discusses experimental results. Finally, the conclusions are summarized in Section V.
II. MODEL OF REMG WITH A PHES SYSTEM A. DESCRIPTION OF THE PROPOSED MICRO-GRID SYSTEM
The micro-grid, which is part of the effective forms of distributed generation, improves the flexibility and reliability of power supply. With PHES representing most of the world's energy storage installed capacity and given its maturity and simplicity, the feasibility of a small-scale PHES is analysed by modelling each one of its components and applying it to buildings [30] . Numerous research studies have verified the application of photovoltaic systems in buildings and have considered feasibility analyses, modelling methods and control problems [31] , [32] . Based on the above research studies, a REMG is constructed with photovoltaic systems, smallscale PHESs and other conventional micro-power sources. By utilizing the height of buildings, a small-scale PHES, which is composed of upper reservoirs, lower reservoirs and MPSUs, can be installed. The upper reservoirs could be built on the top of the building, and the lower reservoirs could be placed in the basement. The MPSU can operate in pump mode, and the power generated by the photovoltaic system could be stored by pumping water from the lower reservoirs to the upper. It can also operate in generating mode, and the stored energy could be released by generating electricity through the MPSU. The typical configuration of the REMG for an industrial park is illuminated shown in Fig. 1 , and the micro-grid system is equipped with several reheat thermal units, a photovoltaic system with panels arranged on the surface of the buildings and a micro-scale PHES system installed in the buildings. The system consists of total 144 kW thermal units in each building, the power of each photovoltaic panel is 240W and the total power is 18kW, it is arranged on the building 1. The proposed building height is 20 meters and the pipeline flow is 0.1 cubic meters per second. The rated power of a single pumped storage unit matched with the photovoltaic system is 18kW. Two pumping storage units are installed in the building 1, and the total power is 36kW. The required reservoir capacity is
So the required each upper or lower reservoir capacity is 200m 3 .
B. PROBLEM FORMULATION OF THE MICRO-GRID SYSTEM WITH LFC CONTROLLER
Studies of LFC problems mainly focus on small load perturbation under the nominal operating condition of the power systems. As distributed control schemes have become increasingly popular in all types of power systems [33] , a target power system is usually divided into several control areas, each of which possesses a local controller to regulate not only the local frequency but also the tie-line load flows between the neighboring areas [34] . As showed in Fig. 2 , the REMG is divided into two areas. Several reheat thermal units, a photovoltaic system and MPSUs are installed on one building, named area #1, and the remaining reheat thermal units are installed in the other building, named area #2. An inverter for converting DC to AC voltage and an interconnection device (IC) are incorporated into the PV system. A circuit breaker is located between the micro-grid and the power network to provide reliable support. The transfer function block diagram of the REMG is shown in Fig. 3 , while the REMG is divided into two areas, namely, area #1 and area #2. In Fig. 3 , R ij is the speed regulation constant of governor, B i is the frequency bias constant, D i is the total damping ratio, M i is the total machine inertia, f i is the frequency deviations in each control area, P d,i is the incremental change in system loading condition, and T 12 is the synchronizing time constant of the tie-line. For the sake of convenience, the subscript i represents the number of the control area, taking the value of 1 or 2, the subscribe j represents the j th unit in control area. K p and K i are the electric governor proportional and integral gains, respectively, P tie is the tie-line power deviation and P pv is the photovoltaic energy fluctuation.
The transfer function between the power disturbance and the frequency disturbance in power system is given as follows:
The tie-line is the electric transmission line between the interconnected areas. When ignoring line loss, the model of the tie-line load flow between area #1 and area #2 is defined as:
Inputs to the PI-controllers are the area control error (ACE) of the respective areas and controlled inputs (u 1 , u 2 ) to the plant with PI-controller structure are defined as follows:
where
Rij + D i denotes the frequency regulation parameter in the area #i.
ACE is treated as the controlled output of the LFC system, which is used to identify any deviation between the power generation and the load demands. In an optimal control system, the integral criterion is the most commonly used performance index in optimal control theory. The commonly used performance indices based on integral criteria are the integral square error (ISE), integral absolute error (IAE), integral time multiplies of square error (ITSE) and integral time absolute error (ITAE). The features of each performance indices are presented in [35] .
C. MODEL OF THE REHEAT THERMAL UNITS
Reheat thermal unit is widely used in MG system. In this case, note that several reheat thermal units in the REMG system are treated as a whole (without explanation, the reheat thermal unit/turbine mentioned later is considered as a whole.) As shown in Fig.4 , the model of reheat thermal turbine is defined as follows:
The first half of the transfer function represents the reheat section. T t is the turbine time constant, T r is the reheat time constant, and K r is the reheat gain. The model of reheat thermal governor is defined as follows:
where T g is the governor time constant. In Fig. 3 , X g,ij is the opening deviation from the nominal state of the steam valve in the reheat thermal unit and P m,ij is the mechanical power deviation from the nominal state of the jth unit in the area #i.
The generation rate constraint (GRC) imposes a practical limit on the generation of power system, mainly because of the presence of thermal and mechanical constraints. From  Fig. 4 , the addition of limiters with the steam turbine is quite realistic because the electrical system power is always generated at a specified rate [36] .
Another typical constraint in the LFC system, the GDB nonlinearity, is illustrated in Fig. 4 . On account of the dead band, the input signal of the turbine governor would experience operational failures to avoid excessive vibrations in the vicinity of the equilibrium point [18] .
D. MODEL OF THE MICRO-PUMPED STORAGE UNITS
The typical operation mode of MPSUs is always switched between pumping mode and generating mode. The transfer function frame is shown in Fig. 5 . When working on the generating mode, the MPSUs generate electricity to support the grid and maintain the frequency stability of the micro-grid system [37] , [38] . Apart from the controller, the model of MPSUs is composed of three parts, namely the actuator, the transient droop compensator (TDC) and the hydraulic turbine.
The actuator executes the control law given by the controller, which amplifies and transforms the control signal to obtain adequate power to drive the turbine. The model of actuator is defined as follows:
where T g is the time constant. Output of this section X g,ij represents the opening deviation from nominal state of the guide vane, as shown in Fig. 5 . The model of hydraulic turbine is defined as follows:
where T w is the water starting time of the hydraulic turbine.
The hydraulic turbine transfer function is inherently of nonminimum phase because of the water inertia in pressure pipes, thus exhibiting unstable system dynamic responses.
A recommended solution reported in [39] - [43] was to equip the speed governor of the hydro turbine with a TDC to ensure its stability. The transfer function of the compensator is defined as below:
where the compensator parameters T 1 = T R , T 2 = (R T /R 12 )· T R and the empirical formulae for the parameter tuning of the reset time T R and transient droop coefficient R T are defined as follows [39] :
where M represents the machine inertia. In addition, P r,ij denotes the output of the compensator in Fig. 5 . When working on the pumping mode, MPSUs could be seen as pumps, which consume the PV energy by pumping water from the lower reservoir to the upper reservoir. Frequency stability of the REMG is affecting the operation of MPSUs in pumping mode. By controlling the starting number of pumps, the power balance between load demand and power output of the REMG could be adjusted.
The schematic of the water pump control mode is illustrated in Fig. 5 . m = {1, 2, . . . , n}, where m is the number of units that will stop, n is the total number of units in pumping mode, and -P pd is the rated pumping power of a unit. The output mechanical power deviation of MPSUs is presented as P m,ij .
III. LFC CONTROLLER OPTIMIZATION FOR THE REMG SYSTEM USING ASA A. THEORETICAL KNOWLEDGE OF ASA
Consider a sheep flock with N sheep, the position of the ith sheep at specific time 't' is defined as:
where x d i represents the position of ith sheep in the dth dimension, D is the dimension of the position.
The optimization involves solving the following minimization problem:
is the lower boundary of the searing space, and
is the upper boundary of the searing space. The objective function value of the ith agent at time 't' is expressed as F t i = f (X i (t)).
1) LEADING OF THE BELLWETHER
The influence of the bellwether is decisive. When the bellwether moves with a large stride, an individual will adjust its motion trajectory to follow the bellwether closely. The position of the bellwether should be recorded and inherited; this position is denoted as
. The bellwether vector that affects the movement of the ith agent, i = 1, . . . , N , is defined as:
where δ i,d is the influence scope of the bellwether playing on the ith sheep on the dth dimension,
α is the coefficient of leading scope, rand 1 is a random number generated in [−1, 1], andw is a dynamic weight that linearly decreases from 1 to 0 over the course of iterations.
The coefficient c 1 is a random value whose centre is 1 and whose radius is determined by parameter α, which is selected from [0, 1]. α is a control parameter, that influences the consensus effect of the bellwether in defining the distance vector. When α tends to 1, the consensus influence of the bellwether is emphasized; when α tends to 0, the stochastic components are enhanced. The coefficient c 2 is a random dynamic number that is automatically generated, and its random range is linearly decreased over the course of iterations.
2) INDIVIDUAL STROLLING
Every individual of the flock forages autonomously in a local area; this behavior is called ''self-awareness''. The mathematical model of ''individual strolling'' to represent self-awareness of an individual sheep in the process of foraging is proposed as follows. We define a location vector
to denote self-awareness in foraging.
The self-awareness vector that affects the movement of the ith agent, i = 1, . . . , N , is defined as:
where rand 2 is a random number generated from [0, 1], and the term cos (2π · rand 1 ) is used to generate periodic random motion. The vector X self i,d represents the self-driven behavior and local random search of a sheep; this search consists of a series of nonlinear operations. The β parameter is a positive number that modulates the amplitude of the strolling step. As β increases, the sheep's jump steps increase exponentially and vice versa. As a result, this parameter controls the resolution of individual exploration. The value of β should be chosen according to the search scope of the optimization problem.
In a sheep flock, the direction of the sheep flock is determined by following the lead of the bellwether and autonomous foraging. Based on the discussion above, the movement of a sheep is affected by its self-awareness and the summoning of the bellwether. The individuals in the artificial sheep flock will automatically update their positions as follows:
where w is linearly decreased from 1 to 0 over the course of iterations and r 3 is random number generated in [0, 1].
3) COMPETITION STRATEGY
In ASA, competition mechanism is designed to maintain the diversity of the flock. For the minimization problem, at a specific time 't', calculate the average value of N objective function values of the flock F t ave and the minimal objective function value F t min . For the ith sheep, if the elimination criteria below is satisfied: (16) then, the ith sheep X i is eliminated and reinitialized between [B L , B U ].
B. LFC CONTROLLER OPTIMIZATION PROCEDURES USING ASA
In the proposed method, the ASA is used to optimize the LFC control parameters of the REMG. The steps are described as follows:
Step 1: Build the simulation platform of the aforementioned micro-grid and set up the system parameters;
Step 2: Select the objective function. The ITAE based objective function is applied to tune the controller parameters using the ASA algorithm. The fitness function or objective function (J ) is defined as:
where T total is the total simulation time. The gains of K p and K i of each PI-controller are the optimization variables. The PI controller parameters are subjected to the constraints of boundaries:
where K pi,min and K pi,max are the minimum and maximum values of the PI-controller parameters respectively; j is the number of controllers, where j = 1 or 2 for the proposed REMG. VOLUME 6, 2018 Step 3: Initialization. Initialize locations X i (0) of the sheep flock with N sheep in the solution space with boundaries [B L , B U ], set the first sheep as the bellwether X B = X 1 (0) , J B = J 0 1 ; set the other control parameters: the initial scope coefficient of leading α and the modulation coefficient of strolling β; set the total number of iteration T , and the current number of iteration t = 0.
Step 4: Objective function calculation. For the ith (i = 1, .., N ) agent, the fitness J t i is calculated as follows: Step 4.1: Decode the agent's position X i , and obtain the control parameters K p,j and K i,j of each controller.
Step 4.2: Set the following parameters for the microgrid system and start the established simulation platform; sample and record system outputs including the frequency deviation f i .
Step 4.3: Calculate the objective function Eq. (17) and let
Step 5: Calculate the bellwether vector, self-awareness vector and then update the position of the flock, according to the instructions in Section 3.
Step 6: Set, t = t + 1; if t > T, then stop the simulation and output the bellwether's position as the final solution; else, go to Step 4.
IV. EXPERIMENTS AND ANALYSIS OF THE RESULTS
Experiments are designed to verify the feasibility of using PHES as ESS in a REMG and to confirm the effectiveness of LFC controller optimization. All the simulations are executed on a personal computer Core i7, 2.00 GHz, 8 GB RAM, utilizing the Windows 10 operating system. The simulation platform is MATLAB R2014a.
The nominal values of system parameters are taken from [18] and presented in the Appendix. For all experiments, the reheat thermal unit includes nonlinear sections, e.g., GRC and GDB, and the value of GDB is specified to be 0.05% and the thermal system is considered with GRC of 0.01 p.u. /sec.
The LFC control parameters of the REMG are optimized by applying ASA. In the following experiments, the parameters of ASA are set as: the initial scope coefficient of leading α = 2 and the modulation coefficient of strolling β = 1, the population size is 30, and the total number of iteration T = 300. The boundaries of PI controller parameters [K pi,min ,
Because the photovoltaic power will fluctuate with regard to the change of weather and sun condition in different seasons, the photovoltaic energy fluctuation P pv is simulated in different scenarios, as shown in Fig. 6 ; the data was collected from solar radiation data in Aberdeen [44] .
A. LFC PERFORMANCE OF DIFFERENT SCENARIOS
In this part, multi-step load perturbation is considered in the micro-grid. The MPSUs are operating in generating mode to testify the excellent performance in frequency regulation. The step changes of the load demand in the interval of 90 seconds are demonstrated in Fig. 7 . Photovoltaic power fluctuation P pv can be considered as a negative load demand. By adding 
FIGURE 7.
Step changes of the load in the interval of 90s.
PV to the original load, the equivalent load deviations in different scenarios are illustrated in Fig. 8 . The fluctuation of the equivalent load will excite strong disturbance to the two-area REMG, and the LFC performance will be verified. To demonstrate the performance of the REMG system, three different scenarios of photovoltaic power fluctuations are studied. The PI-controllers are employed in each control area and its gains are optimally searched by the ASA. The equivalent load deviation is given to area #1 and multistep load perturbation is given to area #2 for identifying the dynamic stability of the whole micro-grid system. The equivalent load deviation in winter is the smallest, i.e., only a slight impact on the system occurs in winter, making it easy to guarantee the frequency stability and power balance. In contrast, the scenario in summer is hard difficult for the load frequency control. The optimal values of controller's gains, minimum fitness values, and maximum tie-line power flow with ASA including GRC and GDB are listed in Table 1 . The simulation results of the dynamic of system frequencies of each area and tie-line load flows are shown in Fig. 9 in different scenarios. Taken altogether, all the indices satisfy the control requirements. The ITAE value and maximum deviations of f 1 , f 2 and P tie are increased with the change of photovoltaic energy fluctuation in different seasons. It can also be demonstrated that ASA-tuned PI-controllers are robust and performed satisfactorily with the application of multiple load perturbation. The maximum step perturbation of equivalent load is between 60 second and 65 second, and the ASA-tuned PI-controllers effectively control excessive frequency fluctuation of the REMG with a second level settling time.
B. PUMPING EFFECT ANALYSIS
In this part, the frequency stability and power balance of the REMG is studied when the MPSUs operate in pumping mode. When operating in pumping mode, the MPSUs consume the redundant PV power, causing the equivalent load to vary slightly. In this situation, the controllers would adjust the power output of reheat thermal units to respond the fluctuation of power and load after the compensation of the MPSUs. To show the compensation effect of MPSUs, the LFC problems with and without the MPSUs are studied. To validate the compensation performance, a +15% step load perturbation (SLP) in area #1 is simultaneously imposed on the micro-grid power system at t = 10 s simultaneously. The dynamic response of system frequencies of each area and tie-line load flows is shown in Fig. 10 . The optimal values of the controller's gains, the minimum fitness values, and the tie-line power flow are illustrated in From Fig. 10 and Table 2 , it is evident that MPSUs play an important role of power compensation in the system for the frequency regulation. The dynamic characteristics of the tie-line flow are also improved significantly.
C. SENSITIVITY ANALYSIS
To illustrate the robustness of the designed controllers, a sensitivity analysis is performed by varying the operating loading condition and the system parameters. In this subsection, MPSUs operate in generating mode. System parameters such as T r and T g are varied in the range of ±50% in steps of 25%. The performance of LFC of the REMG is evaluated with the optimal controller values obtained at the nominal operating condition. The spring/autumn equivalent load deviation is injected to area #1, and the multi-step load perturbation is injected to area #2; the optimal PI-controller gains are those shown in Table 1 . The control performances with parametric variation are presented in Table 3 , from which, it is demonstrated that fitness value and maximum deviation of frequency and tieline power oscillations for system parameter variations are within the acceptable limit and the frequency deviations of all test are less than 0.2Hz. Note that the speed regulation constant of governor R and the total machine inertia M have a certain influence on the dynamic stability of the system. The frequency deviation indices increase gradually as the variation of system parameter; however, the maximum deviation frequency in area #1 is still lower than 0.2Hz. From the results of this part, it could be concluded that proposed ASA-tuned PI-controllers are robust to fulfil a stable control of the REMG when some system parameters change.
V. CONCLUSIONS
Renewable energy integrated micro grid with a PHES system adopting the ESS and the LFC problem of the REMG were studied. In this study, the REMG is composed of reheat thermal units and photovoltaic power system and MPSUs. To improve the control performance of LFC of the proposed REMG, a novel meta-heuristic optimization algorithm named ASA was adopted to tune the controller parameters before verification based on benchmark functions. The experiments of load and frequency control were conducted using a simulated REMG model on the MATLAB platform, and the impacts on different PV scenarios, different working mode of MPSUs and system parameter variations were studied.
The comparison results on benchmark functions proved that the ASA shows advantages regarding both convergence speed and global optimization ability. In particular, ASA was found to have a very good performance regarding high dimensional test functions.
The results of LFC experiments showed that the MPSUs in generating mode can cooperate with reheat thermal units to regulate frequency stability. Under the control of the optimized controller, the REMG was found to exhibit excellent dynamic stability. When MPSUs are working in pumping mode, these units could consume redundant PV power and compensate the fluctuations of the power output and the load demand. In this situation, control performances of the REMG were found to be excellent with acceptable frequency deviation indices. Finally, the results of the sensitivity analysis demonstrated that the ASA tuned PI-controllers can guarantee a satisfactory control performance under uncertainty of system parameter variation. Although the feasibility of the REMG with PHES and the performance of the controller optimization were verified, some intelligent controllers and more flexible operation of MPSUs are worthystudy in the future.
APPENDIX
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